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MULTIPLE TRACER GAS TECHNIQUES FOR

MEASURING INTERZONAL AIRFLOWS
FOR THREE INTERCONNECTED SPACES

M. Enai C.Y. Shaw

ABSTRACT

The multiple tracer gas method is often used to
predict interzonal airflows in buildings. In a previous
study, this method was applied to a space consisting of
two interconnected rooms where the airflows through
the common wall were controlled and measured. The
results indicated that the predicted airflows based on dif-
ferent sets of simultaneously measured tracer gas con-
centrations (obtained at different sampling times during
a test) were not always the same. Guidelines are, there-
fore, needed to facilitate the selection of the appropriate
set of tracer gas concentrations (from the measure-
ments) for use with the multiple tracer gas method.

In this study, the test rooms were expanded to three
interconnected rooms. A method was developed to deter-
mine the appropriate set of concentrations for interzonal
airflow calculations. The proposed method was tested in
the laboratory and the results are discussed.

INTRODUCTION

As concern for indoor air quality has grown, so too
has the need to measure interzonal airflows to assess the
distribution of outdoor air in buildings. These airflows can
be evaluated using the multiple tracer gas method
(Sinden 1978, Sherman et al. 1980; I'Anson et al. 1982;
Perera 1983). It involves the injection of a different tracer
gas into each of several interconnected spaces and the
measurement of the tracer gas concentrations as a func-
tion of time. Based on the simultaneously measured
tracer gas concentrations, the interzonal airflows can
then be calculated from the mass conservation equa-
tions for each tracer gas and the mass flow balance
equations for the air.

The application of the method is not straightforward,
even for the simplest case, e.g., a building consisting of
two interconnected chambers. In a previous study (Enai
et al. 1990), the multiple tracer gas method was applied
to a space consisting of two interconnected rooms where
the airflows between the two rooms were controlled and
measured. Two test procedures were used to introduce
the tracer gases into the rooms; the decay technique for
both rooms, and constant injection for one room and
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decay for the other room. The results indicated that, for
any given test, the calculated airflow rates based on
different sets of concentrations (measured at different
times during a test) were not always the same and that
the agreement between the calculated and measured air-
flow rates generally worsened when the concentrations
used were measured earlier than 30 minutes after injec-
tion or later than 70 minutes after injection. These findings
suggest that to achieve the best result, some guidelines
are required for selection of the appropriate set of con-
centrations for calculating the interzonal airflows. A
method was derived for calculating interzonal airflows for
two interconnected rooms.

In this study, the test facility was expanded to three
interconnected rooms, where the airflows between any
two rooms were controlled at constant rates and mea-
sured during the experiments. The main objectives of the
study were (1) to determine the appropriate set of con-
centrations that can be used for interzonal airflow calcu-
lations and (2) to determine the accuracy of the multiple
tracer gas technique under laboratory conditions.

GOVERNING EQUATIONS

Figure 1 shows the case of three interconnected
zones. If three tracer gases, denoted by A, B, and C, are
injected into the zones (one for each zone), the rates of
change in tracer gas concentrations in the three zones
can be described by the following equations, assuming
that the tracer gas concentrations outside the zones are
negligible:

VildCaldl) = - (Fig + Fro + F13)Cat + For # Cap
+ Fay % Cag + Qay (1

Vi(dCpi/dt) = = (Fig + Fio + F13)Cp + Fo1 * Cpp
+ F31# Cpg (2)

V](dCC‘[/dt) = (F10 + F12 + F13)CC1 + F21 Ed Cc2
+ Fa1 % Ceyg (3)

Vo(dCapldt) = Fip # Cay = (Fao + Foq + Fo3)Cap
+ Py Cag (4)
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Figure 1 Testrooms

Vo(dCpro/dt) = Fip % Cgy = (Fao + Fa1 + Fo3)Cao
+ Fap % Cgg + Qg (5)

Vo(dCeoldt) = Fia# Coy = (Fag + Fo1 + Fo3)Ce
+ Fao* Ceg (6)

Va(dCpg/dt) = Fig* Cay + Fog# Em
—(Fa0 + F31 + F32)Cas (7)

V3(dCBS/dt) = F13 * CB1 + F23 b CBZ
—(F3o + F31 + F32)Cas (8)

V3(dCCs/dt) = F13 * 001 = F23 % Cro
—(Fs0 + Fa1 + F30)Cr3 +Qcs (9)

The mass flow balance equations for the three zones are:

~(Fio+ Fiz+ Fig) + For+ For + F3,=0 (10)

~(Fao + Fo1 + Fag) + Fop + Fra+ F32=0 (11)

~(Fag + Fa1 + Fa2) + Fog + Faz + Fi3=0 (12)
where

V = room volume

C = tracer gas concentration
t=time

Fyj= airflow rate from zone jto zone |
Q = tracer gas release rate
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Figure 2 Typical tracer gas concentration profiles

The subscripts 0, 1, 2, and 3 denote the outside
and zones 1, 2, and 3, respectively, and A, B, and C
refer to the tracer gases used. As an example, Fq rep-
resents the airflow from Zone 1 to the outside, and Cy;
is the concentration of tracer gas A in Zone 1.

If three tracer gases, A, B, and C, are injected into
Zones 1, 2, and 3, respectively, and their concentrations
in each room are monitored over time, the 12 unknowns
— Fio. Fr2, Fia, Fots Fao, Fo1, Fos, Fozs Fao, Far, Fazo @and Fog
— can be evaluated by solving Equations 1 through 12
simultaneously. Simitarly, if all the airflow rates are
known, they can be used in the solutions to the above
set of simultaneous differential equations to calculate
the tracer gas concentration profiles.

TEST METHODS

The test zones, as shown in Figure 1, were three
interconnected rooms in a laboratory-office building.
Rooms 1 and 2 were each 4.8 m wide, 4.8 m long, and
2.87 m high, and Room 3 was 2.33 m wide, 11 m long,
and 2.57 m high. The walls, doors, and ceilings of the
rooms were sealed to minimize air leakage. Each con-
necting doorway was sealed with plywood panels
through which two airflow systems were installed (one
for each flow direction). The airflow systems consisted
of a fan, an airflow measuring device, and an airflow
controller. Each individual airflow was controlled at a
constant rate and continuously measured throughout
each test. Except for those through the airflow systems,



TABLE 1
Test Conditions

Injection Mode(*)

Interzonal Airflows, ach

Test

No. Rm.1 Rm.2 Rm.3 F|2 F13 Fz1 an F31 F32
101 D D D 0.79 0.79 0.80 0.79 0.80 0.78
102 D 1(87) 1(93) 0.80 0.80 0.80 0.80 0.77 0.80
103 D C 1(94) 0.79 0.80 0.80 0.80 0.78 0.80
104 D D D 0.50 0.48 0.51 0.51 0.49 0.49
105 I(55) D D 0.50 0.48 0.51 0.47 0.49 0.50
106 1(78) D D 1.00 0.23 0.25 0.98 0.98 0.24
107 1(63) D D 0.30 0.90 0.61 0.51 0.61 0.79
108 D D D 0.30 0.89 0.60 0.51 0.60 0.79
109 D D D 1.00 0.23 0.25 0.99 0.98 0.26
110 1(26) D D 0.25 0.24 0.25 0.23 0.25 0.24
111 D D D 0.25 0.24 0.25 0.24 0.25 0.24
112 1(94) D D 0.79 0.79 0.80 0.79 0.80 0.79
113 D D D 0.78 0.79 0.79 0.78 0.77 0.80
114 I(71) D D 0.78 0.60 0.40 0.70 0.99 0.31

*C. D, and | denote constant concentration, decay, and constant injeclion, respectively (values in brackets are the injection rates of pure gas, mL/min)

the air leakage rates between the test rooms and their
surroundings were not measured.

The tracer gas injection tube was located at the
center of each room. The rooms were each divided into
eight volumetrically equal regions with a sampling tube
installed at the center of each region. Mixing of tracer
gas in the test rooms has been studied previously (Enai
etal. 1990). Based on the results, the sampling tubes in
each room were connected to a manifold to produce an
"average” sample.

Each test began by adjusting the airflows in the six
systems to rates between 0.2 to 1 air change per hour
(ach). Then, CH,4, SFg, and N,O were simultaneously
introduced into Rooms 1, 2, and 3, respectively. Imme-
diately after injection, the concentrations of the three
gases at the manifolds in each room were measured at
four-minute intervals for a period of two to five hours.

TEST RESULTS

Fourteen multiple tracer gas tests were conducted.
The test conditions are listed in Table 1. Figure 2 shows
a typical set of concentration profiles measured in the
test rooms. Each set consists of nine profiles, one for
each tracer gas in each room. From such profiles, the
concentrations of CH,, SFg, and N,O at about 30 minutes
after injection of the tracer gases were used to calculate
Fia, Foq, Fia. Fay. Fos, @and F3, from Equations 1 through
12. Similar calculations were made using subsequent
sets of concentration values measured at four-minute
intervals for about one-and-a-half hours. These calcula-
tions were carried out for all tests.

To examine the effect of injection techniques on the
calculated airflow rates, four tests using different combi-
nations of tracer gas injection techniques and uniform
interzonal airflow settings were conducted. The airflows of
these tests were all set at about 0.8 ach. The combinations
of injection techniques were (a) decay in all three rooms;
(b) decay in Room 1 and constant injection in Rooms 2
and 3; (c) decay in Room 1, constant concentration in
Room 2, and constant injection in Room 3; and (d) con-
stant injection in Room 1 and decay in Rooms 2 and 3.
Figures 3, 4, 5, and 6 show the calculated interzonal

airflow rates as functions of time for these four tests. Tne
results indicate that:

1. For the same test, the calculated airflow rates
based on different sets of concentrations (measured at
different times) were not always the same.

2. The calculated airflow rates, based on the con-
centrations measured between 30 and 70 minutes after
injection, agreed with the measurement within 25% of
the measured rates.

3. No clear evidence was found to suggest that
the technique used to inject tracer gases (e.g., decay,
constant injection, or constant concentration) has a sig-
nificant or systematic effect on the calculated results.
However, in some cases where the decay technique
was used to inject tracer gases into more than one
room, the agreement between the calculated and mea-
sured airflow rates worsened after 70 minutes.

These conclusions are not restricted to cases with
uniform interzonal airflow settings. Similar behavior in the
calculated results was observed for tests with nonuniform
interzonal airflows. These findings suggest that concen-
trations selected from only a certain portion of the mea-
sured profiles can give a good estimate of interzonal
airflows, as had been observed for the case of two inter-
connected rooms (Enai et al. 1990). To determine the
appropriate set of concentrations for calculating inter-
zonal airflows, the following method is proposed.

METHOD FOR CALCULATING
INTERZONAL AIRFLOWS

Figures 3 through 6 show that the calculated inter-
zonal airflow rates based on different sets of concentrations
are not always the same, and a method of determining the
appropriate set for use in calculations is needed.

Equations 1 through 9 define the tracer gas con-
centration profiles for a typical case of three intercon-
nected zones. If all the airflows for such a case are
known, the tracer gas concentration profiles can be cal-
culated explicitly from these equations. The approach
proposed here, therefore, is to estimate the airflow rates
using a set of concentrations measured at some arbi-
trary time. These airflows are then used to estimate the
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Figure 3 Calculated interzonal airflow rates case (a)
Room 1: decay, Room 2: decay, and
Room 3: decay

concentrations for a later time, using equations derived
from Equations 1 through 9 (see Tracer Gas Concentra-
tion Profiles section). These estimated concentrations
are then compared with the corresponding measured
concentrations and, if the agreement is not satisfactory,
the procedure is repeated with a set of concentrations
measured at a later time. This comparison is made for
concentrations at two different times, five sampling inter-
vals apart, to ensure that the agreement between the
calculated and measured concentration profiles is not
accidental (e.g., the two profiles cross each other at one
time but do not agree in general). The final calculated
airflow rates are achieved when satisfactory agreement
between the measured and calculated concentrations
is reached at the two points (see Procedures for Calcu-
lating Interzonal Airflows section).

Tracer Gas Concentration Profiles

The concentration profiles of each tracer gas are
defined by three equations, one for each room. Of the
three equations, only one has a source term (e.g., Q4 in
Equation 1). Only onie general solution to the three-equa-
tion set need be found for a single tracer gas, since the
same solution wilt apply to the other two tracer gases. By
dropping the subscript A and letting

Ny = (Fio + Fy2 + Fig)lV,
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Figure 4 Calculated interzonal airflow rates case (b)
Room 1: decay, Room 2: constant injection, and
Room 3: constant injection

Ny = (Foo + Foy + Fog)lVa

Ny = (Fgo + F31 + F30)/ V3

Equations 1, 4, and 7 become the set of three gen-
eral equations:

dCyldt= =Ny # Cy + (Fa/V})Cy + (F31/V4) C3
+ O1/V1 (13)

dCQ/dt= (F12/V2) C1 — Ng * Cz + (F32/V2)Cg (14)

ng/df: (F13/V3) C1 + (Fgg/Vg) CZ— N3 * Ca (15)

From Equations 13, 14, and 15, it can be shown that the
differential equation for the gas concentration profile C, is

(d3Cy/dt3) + (Ny + No + Ng) * (d2C4/dt?)
+[N1*N2+N2*N3+N3*N1
= (F13/V5) * (F34/V3) = (Fao/V3) * (Fas/ V)
= (Fo1/Vo) * (F12/V4)] * (dCy/alt)
+ [Ny o+ No % Ny — Ny x (Fpg/Vo) * (Fao/ V)
= No * (F34/V3) * (Fig/Vy) = N3 * (Fyo/Vy)
* (Fo1 Vo) = (Fio/Vy) * (Faa/Va) * (F34/V53)
= (F1a/Vy) * (Fao/V3) * (Foy Vo)l * Cy + [(Faa/ Vo)
* (Fa2/Va) = Np * N3] * (Qy/Vy) =0 (16)

(which is Equation A11 in Appendix A).
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Figure 5 Calculated interzonal airflow rates case (c)
Room 1: decay, Room 2: constant concentration,
and Room 3: constant injection

Since all the coefficients but one (for Q4/V4) in
Equation 16 are common to the corresponding equa-
tions for C, and Cj, the general differential equation for
the three tracer gas concentration profiles, C;, where i
=1,2,and 3, is

(d3C,/dt3) + K, * (d2C,/dt2) + Ky, # (dC,/dl)
+Kc* C,-+de=0 (17)
where

Ka=(Ny+ Ny + Np)
Kb=[N1*N2+N2*N3+N3*N1

= (Fia/ V) * (Foyl Vo) = (Fagl Vo)
* (Fap/V3) = (F31/V3) * (Fia/ V)

Ke= [Ny * Np* Ny = Ny % (Fpg/ V) * (Fgp/V3)
= Np * (F31/V3) * (Fya/ Vi) = Ny * (Fyo/ V5)
* (Foyl Vo) = (Fyal Vi) * (Faal Vo) * (F34/Va)
= (Fia/ Vi) * (Faol V) * (Fp1/Va)]

Kar = [(Faal V) * (Fapl V3) = Np * Na] * (Qy/ V)
Ko = =[Ng * (Fyo/ Vi) + (Fiaf V) * (Faof V3)] * (Q4/ Vo)

Ka = ~[Na * (Fia/Vy) + (Frof V) * (Fag/V5)] * (Q4/Va)

The solution to C; can be obtained by the Laplace
transformation method (see Appendix A). Thus,
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Figure 6 Calculated interzonal airflow rates case (d)
Room 1: constant injection, Room 2: decay, and
Room 3: decay
Ci(t) = X; * exp(-at) + Y; * exp(-bt)
+ Z;* exp(-ct) + W, (18)

In the above equation, C;(t) is the tracer gas con-
centration in Room 7 at time twhere /=1, 2, and 3. The
coefficients are

Xy =—{[(Nz = @) * (N3 — @) = (Fap/ V3) * (Faa/ V)]
* C1(0) + [(Ng — a) * (Foy/ Vi) + (Foal Vy)
* (F31/V3)] * C(0) + [(No— &) * (Fz1/V4)
+ (For/ Vi) * (Faol V)] * C5(0) + (Np + N3 - a)
*(Qi/Vy) +Kglall[(c - a) * (a- b)]

N

= ~{[(No = b) * (N3 = b) = (Fgo/ V3) * (Fpq/ V2)]
* C1(0) + [(N3 = b) * (Fay/Vy) + (Foal V)

* (Far/V3)] * Co(0) + [(No = b) * (F3/Vy)

+ (Fs/Vy) * (Faal Vo)] * C3(0) + (No + Ny - b)
*(Qy/V4) + K/bl[(@a~ b) * (b~ ¢)]

Zy = —{[(N2 = ¢) * (N3~ ©) = (Faa/ V3) * (Fog/ V)]
* C1(0) + [(N3 - ©) * (Faal Vi) + (Fagl V5)
* (F34/V3)] * Cx(0) + [(Na = ) * (F31/Vy) + (Faa/V5)
* (Fao/ V)] * C5(0) + (N + Ny — ) * (Q4/ V)
+ Kgulell[(b-c) * (¢ - a)]

Wy = [(Faal Vo) * (Faol Va) = Np * Nj]
* (Q/V)l(-a* b*c)



Xy = -{[(Ng = @) = (Fiof Vo) + (F1a/ Vo) * (Faal V3)]
* Cy(0) + [((Ny — a) * (N3 — a) = (Fas/ V)
* (Fiaf Vi)l # Co(0) + [(N; ~ @) * (Faal V)
+ (Fiof Vi) = (F3i/ Vo) * C4(0) + (Fyof Vi)
# (Qi/Va) + Kpplall[(c - a) * (a—- b)]

oS

= —{[(N3 = b) = (Fio/ Vo) + (Fia/Va) * (F32/V3)]
* Ci(0) + [(Ny = b) * (N3 = b) = {Fa4/ V3)

* (Fial V)] * Co(0) + [(Ny = b) * (Fapf/ V)

+ (Fyo/ Vi) * (Fa1/ Vo)l * C3(0) + (Fia/V5)

* (Q4/Va) + Kl bl/[(a~ b) * (b - )]

Zo = —{[(N3 =€) # (Fyof Vo) + (Fia/ Vo) * (Faal V3)]
% Cy(0) + [(Ny = ©) * (N3 =€) = (F34/V3)
# (Fra/ V] # Cx(0) + [(Ny =€) * (Fzo/ V)
+ (FyofVy) # (P4l Va)] * C3(0) + (Fio/ V)
* (i V) + Kgplcll[(b—c) ¥ (c - a)]

Wo = —[Ny * (Fio/V4) + (Fial Vi) * (Faol V3)]
* (Qy/Vo)l(-a* b c)

Xy =—{[(Np = @) * (Fia/V3) + (F1o/ V3) * (Foal V)]
# Cy(0) + [(Ny — a) * (Foal V) + (Fig/V5)
# (Fa1/Va)] * Co(0) + [(Ny - &) * (No - &)
= (Farl Vo) # (F1of V4)] % C4(0) + (Fra/ Vy)
# (4 V3) + Kglalll(c - a) * (a- b)]

Ya = —{[(Na = b) * (Fia/V3) + (Fio/ V) * (Foal V)]
# Cy(0) + [(Ny = b) * (Fas/ V) + (Fia/Vy)
% (Fp1/V3)] # Co(0) + [(Ny = b) (N, — b)
= (Foy/ Vo) = (Fyof Vi)] * C4(0) + (Fyal V1)
# (il V3) + Kbl [(a - b) * (b~ 0)]

Z3 = —{[(Ny = c) * (Fya/ V) + (Fiaf V3) * (Fas/ Vo))
# Cy(0) + [(Ny = ¢) * (Fpal Vi) + (Fia/V4)
# (Fpy/Va)] * Cx(0) + [(Ny = ¢) * (N - ©)
= (Far/Vo) = (Fyof V)] # C5(0) + (Fig/V4)
# (QyVa) + KegfMI(b~0) # (c - )]

Wy = =[Ny (Fia/ Vi) + (Fiaf Vi) * (Fal V)]
#* (Qi/Va)l(-a» b c)

Similar equations for concentration profiles under
decay condition only have been derived by Irwin and
Edwards (1987).

Procedures for Calculating Interzonal Airflows

The following procedures are proposed for calcu-
lating interzonal airflows:

(a) Let t = ;. Since it normally takes more than 30
minutes to achieve adequate mixing, t; should not be
less than 30 minutes.

(b) Calculate the corresponding interzonal airflows
from Equations 1 through 12 using the nine concentra-
tions (one for each gas in each room).

(c) Calculate the concentrations C,(where i=1, 2,
and 3) at T, where T, = t+ Dt (Dtis one sampling inter-
val; four minutes was used in this study) from Equation
18 using the interzonal airflows obtained in (b).
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Figure 7 Comparison of measured and calculated airflow
rates in test rooms

(d) Compare the calculated C;values with the val-
ues for C,measured at T;.

(e) If the calculated and measured values do not
agree within a preset criterion (e.g., 2% was used in this
study; a more lenient criterion may be needed for field
tests), let t= t+ Dtand repeat the procedures starting at (b).

(f) Otherwise, calculate C;at Towhere To =+ 5 =
Dt and compare these with the corresponding mea-
sured values.

(g) If the calculated and measured values do not
agree within a preset criterion (e.g., 2% was used in this
study; a more lenient criterion may be needed for field
tests), let t = t + Dt and repeat the procedures starting
at (b).

(h) Otherwise, the airflows used are the calculated
airflows. A computer program has been developed for
calculating interzonal airflows for three-room systems,
which can accommodate any combination of tracer gas
injection techniques used in this study.

COMPARISON BETWEEN CALCULATED AND
MEASURED AIRFLOWS

The calculated and measured values for Fys, Foq,
Fis. Fa1, Foa, and F3, are given in Table 2 and Figure 7.
Also included in Table 2 are the values of tat which the
concentrations were selected for the calculated inter-
zonal airflows. As shown in Table 2, the values of twere
between 32.5 to 70.8 minutes, depending on the test
conditions.

The standard errors of estimate were calculated
for two different tracer gas injection techniques: (a)
decay in all three rooms and (b) constant injection in
one room and decay in the remaining rooms (other com-
binations of injection techniques were not considered
due to limited data). They are 0.065 and 0.054 ach for
cases (a) and (b), respectively, suggesting that neither
injection technique appears to have a significant advan-
tage over the other in terms of the accuracy of interzonal
airflow calculations. Figure 7 and Table 2 show that the
calculated and measured airflow rates agreed within
20% (of the measured value).



TABLE 2
Calculated and Measured Airflow Rates

Interzonal Airflows, ach Run

Test Result Time
No. Fi2 Fi3 Fa Fa3 F34 F3z (min)
101 Measured 0.79 Q.78 0.80 0.79 0.80 0.78

Calculated 0.86 0.76 0.80 0.65 0.92 0.88 332
102 Measured 0.80 0.80 0.80 0.80 0.77 0.80

Calculated 089 0.82 0.74 0.74 0.90 0.92 325
103 Measured 0.79 0.80 0.80 0.80 0.78 0.80

Calculated 0.81 0.87 0.70 0.74 0.82 0.93 65.5
104 Measured 0.50 0.48 0.51 0:51 0.49 0.49

Calculated 0.54 0.55 0.48 0.46 0.56 0.53 40.4
105 Measured 0.50 0.48 0.51 0.47 0.49 0.50

Calculated 0.48 0.50 0.44 0.45 0.52 0.58 56.8
106 Measured 1.00 0.23 0.25 0.98 0.98 0.24

Calculated 1.06 0.25 0.23 0.92 1.03 0.27 42.9
107 Measured 0.30 0.90 0.61 0.51 0.61 0.79

Calculated 0.36 0.91 0.57 0.45 067 0.86 40.7
108 Measured 0.30 0.89 0.60 0.51 0.60 0.79

Calculated 0.36 0.84 0.55 0.46 0.68 0.85 37.3
109 Measured 1.00 0.23 0.25 0.99 0.98 0.26

Calculated 1.06 0.22 0.23 0.93 1.06 0.31 47.7
110 Measured 0.25 024 0.25 0.23 0.25 0.24

Calculated 0.24 0.22 0.23 0.20 0.30 0.28 70.8
111 Measured 0.25 0.24 0.25 0.24 025 0.24

Calculated 0.25 0.23 0.23 0.19 0.29 0.31 325
112 Measured 0.79 0.79 0.80 0.79 0.80 0.79

Calculated 0.83 0.78 0.80 0.67 0.82 0.87 50.1
113 Measured 0.78 0.79 0.79 0.78 0.77 0.80

Calculated 086 0.88 0.73 0.79 0.92 0.85 36.2
114 Measured 0.78 0.60 0.40 0.70 0.99 0.31

Calculated 0.78 0.63 0.39 055 0.98 0.37 32.8
SUMMARY ACKNOWLEDGMENTS

1. A method has been developed for calculating the
interzonal airflows for a space consisting of three inter-
connected zones. It includes a procedure for checking
the accuracy of the calculated airflows, based on the
measured tracer gas concentrations. A computer pro-
gram has been developed for performing this calculation.

2. A comparison between the calculated and set
airflows for the test conditions studied, where all three
zones are similar in volume and shape, suggests that
only concentrauons measured between 30 and 70 min-
utes after tracer gas injection should be used for calcu-
lating interzonal airflows. Using the proposed method,
the predicted airflow rates agreed with the measured
values within about 20%.

3. No clear evidence was found to suggest that
either technique used to inject tracer gases (decay only
or a combination of decay and constant injection) has
a significant advantage over the other in terms of the
accuracy of the calculated airflows. However, in some
cases where the decay technigue was used to inject
tracer gases into more than one room, the agreement
between the calculated and set airflow rates deterio-
rates after 70 minutes.
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APPENDIX A
TRACER GAS CONCENTRATION PROFILES

Derivation of Equations
The three basic differential equations are

dC1/dT= = N1 * C«] + (F21/V1)CZ #* (F31/V1)C3

+ QY4 (A1)
dCy/dt = (Fia/Va)Cy = No * Gy + (F3p/ V) Cy (A2)
dCs/dt = (Fi3/V3)Cy + (Faal V3)Co — N3 * Cy (A3)

First, Equation A1 can be rewritten as,
Cy = (VilF3y) * (dCy/dl) + Cy * Ny * Vy/Fy
= Co * FoylFyy = Qu/Fs; (A4)
Substituting Equation A4 into Equation A2, we have
dCyfdt = [Ny + (Fp1/Va) * (FsalFay)] * Cp
+ (Vi/ Vo) * (FaalFaq) * (dCy/alt)
+ [(Fial Vo) + Ny * (V4 Vo) * (FaalFaq)] * Cy
—(Qi/ Vo) * (F3a/F31)
or
dColdt + [Ny + (Fa1/V5) * (Faal F3y)] * Gy
= (Vi/V,) * (Faal F3q) * (dCy/al)
+ [(Fial Vo) + Ny x (Vi Vo) * (Fapl Fyq)] * Gy
—(Qi/ Vo) * (Fsol Fgy) (A5)
Next, differentiating Equation A4 gives,

dCy/dt = (Vy/Fz) * (d2Cy/dt2) + Ny * (Vi/F31)
* (dC,/dl) — (FpylFaq) * (dCy/dl) (AB)

Substituting Equation A4 into Equation A3, we have,

dCsldt = (Fia/Vs) * Cy + (Faal/Va) * Co
= Ny * [(Vy/Fay) * (dCy/al) + Cy * N;
* VifFa1 = Co % Pyl Faq — Qi Fail (A7)

Equating Equations A6 and A7, we have,

(VilFay) * (d2Cy/dt2) + (Ny + N3) * (V4/Fyy) * (dCy/dlt)
+ [Ny * Ny * (Vy/Fyy) = (FialFoy) * (Fai/Va)] * C,
= Ny * Q1/Fp = (dCy/at) + [N3 + (Fag/Fp4)
* (Fyi/V3)] * Gy (A8)

Substituting Equation A5 into Equation A8 and letting

T=(Ny= No) * (F1/Vi) + (Fal Vi) * (F1/ V3) = (Faal Fay)
* (For/Vy) * (Foy/ Vo)
Equation A8 becomes
Co = (d2C/at)[T + [Ny + Ny = (Foy/ Vo) * (Faa/Fs1)]
* (dC/aNIT + [Ny * Ny = (Fia/Vi) * (F31/Va)
= (Fiol Vi) * (Foa/ Vi) = Ny * (Foyl Vo) * (FaplFan)] * CiIT
+ ((For/ Vo) * (FaalFzq) = Na] * (Qy/VIIT (A9)

Differentiating gives

(dCy/dt) = (d3C,/at3)/ T + [Ny + Ny = (Fa4/ V) * (Fal F34)]
(d2Cy/dt2)T + [Ny * Ny = (F3/Vy) * (Fa4/ V)
(Fiaf V1) * (Fau/ Vo) = Ny % (Fayl Vo)

(FaalFay)] * (dCy/at) T (A10)
Finally, combining Equations A5, A9, and A10 gives

(d3C,/dt3) + (Ny + N, + N3) * (d2C,/dt?)

+ [Ny * Ny + No* Ny + Ny # Ny = (Figf Vi) * (Fay/ V)

— (Faol Vo) * (Fagf Vi) — (Faaf Vo) * (Fiof V)] * (dCy/alt)

+ [Ny Np ok Ny — Ny * (Fgf Vo) * (Fof Va) = Ny * (F34/ V)
* EF13/V1) = Ny * (Fiof V) #* (Foy/ Vo) = (Fiaf Vi) * (Fpal Vo)
*
&

* | %

FarlVa) = (Figf V4) * (Faaf Va) * (Fy/ Vo)1 * Cy
[(Faa/ Vo) * (Faal Va) = Ny % Nyl * (Qi/ V1) =0 (A11)

Tracer Gas Concentration Profiles

Equation A11 can be rewritten in the general form (see
Equation17)

(d3C/dt3) + K, * (d2C,/dt2) + Ky, * (dC)/dt)
+KC*C,'+Kd"=O (A12)

Taking Laplace transforms, we find

LIC{D} = {83 * C(0) + s2 * [C}(0) + Ka* C,(0)]
+ 5% [C/(0) + K, * Gi(0) + Ky * C(0)]
- Kagll[s* (83 + K, * s2+ Ky * 5+ K;)} (A13)
The coefficients K,, K, K, and Ky are defined in Equa-
tion 17. For i = 1, Equation A13 becomes
LICy(D)} = {s3 * Cy(0) + 2% [C'(0) + Ky * C4(0)]
+ 5% [Cy"(0) + Ky * Cy'(0) + Kp * C4(0)] 5
~Kullls* (83 + K% 82+ Ky* s+ K)} (A14)
The initial conditions are as follows:
Ci'(0) = =Ny * Cy(0) + (Fai/ Vi) * C5(0)
+ (Fy/ Vi) * C4(0) + Qi

Ci"(0) = = (Ny + N3) * Cy'(0) = [Ny * Ny — (Fia/Vy)
* (Fyy/ V)] * Ci(0) + Ny * (Qy/Vy) + (Fa/V4) * C5(0)
+ [(Faal Vi) * (Fa4/ Va) + Ny * (Fy/V4)] * Co(0)

Co'(0) = (Fiaf Vo) * C4(0) = N * Co(0) + (Faof Vo) * C5(0)

Obtaining the roots (&', &', and ¢') of the equation s3 +
K, * s2 + K, * s + K, using a numerical method (e.g., DKA
method, Kojima and Machida 1982) and applying the initial
conditions, Equation A14 becomes

LICi(] = Wi/s + Xil(s - &) + Yil(s - b)
+Zl(s-¢) (A15)

and
Wy = Kylla * b' * ¢)

Letting &8 =-a, b' =- b, and ¢'= - ¢, the solution of
Equation A15 can be expressed by the typical form

Ci(ty = X, * exp(-at) + Y, * exp(-bt)
+ Z; * exp(-ct) + W, (A16)

Similarly, the general solution of A13 is

Ci(h) = X; * exp(-at) + Y; * exp(-bi)
+ Z; * exp(-ct) + W, (A17)



